Direct contact between hematopoietic cells and viral packaging cell lines or other sources of stroma has been shown to increase the efficiency of retroviral-mediated gene transfer into these target cells compared with infection with viral supernatant. We have investigated the role of defined bone marrow extracellular matrix molecules (ECM) 
Introduction
Progress in understanding the molecular basis of many human diseases as well as improvement in gene transfer technology have led to recent attempts at developing protocols for somatic gene therapy of severe genetic diseases ( 1, 2) . One target of such gene transfer protocols has been hematopoietic stem and progenitor cells. Successful gene transfer into the most primitive hematopoietic cells, long-term repopulating stem cells, may lead to a lifelong cure for a variety of diseases manifested in the progeny of these cells. Although gene transfer and longterm gene expression in repopulating stem cells have been achieved in murine models by a number ofinvestigators (3) (4) (5) (6) (7) (8) (9) , in vivo experiments in larger animals such as dogs and primates have met with limited success, largely because ofthe low efficiency of infection of primitive hematopoietic stem cells (10) (11) (12) (13) .
In both murine and large animal experiments involving bone marrow cells it has been noted that the most successful protocols use cocultivation of target cells with retroviral producer cell lines. In addition, infection of target cells while in direct contact with stromal cells, a major component of the hematopoietic microenvironment (HM),1 improves gene transfer efficiency (13) (14) (15) . The mechanism underlying this promoting effect of stroma on retroviral infection is unclear, but it has been known for some time that physiologic regulation of hematopoietic cell proliferation and differentiation occurs when these cells are in direct contact with cells of the HM ( 16, 17) . The HM consists of an organized network of macrophages, fibroblasts, endothelial cells, adipocytes, and a complex extracellular matrix (ECM) made up of a variety of defined adhesion molecules. ECM molecules such as laminin, collagen, thrombospondin, proteoglycans, glycosaminoglycans, and fibronectin provide anchorage sites for both hematopoietic cells and growth factors (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) .
In this study, we examined the effects of ECM molecules found in the bone marrow on retroviral-mediated gene transfer into hematopoietic cells. We report that a 30/35-kD carboxyterminal chymotryptic fragment of fibronectin (30/35 FN) that contains the alternatively spliced CS-1 domain enhances retroviral-mediated gene transfer efficiency into committed hematopoietic progenitor cells and the more primitive long-term culture-initiating cells (LTC-IC).
Methods
Retroviral vectors andproducer cell lines. The structure of N2/ZipTK-NEO (TKNEO) vector has been previously reported (15) . In this vector, neophosphotransferase sequences are expressed in the sense orien-1. Abbreviations used in this paper: BFU-E, burst-forming unit containing only erythroid elements; BMF, bone marrow fibroblasts; CBD, cell-binding domain; CDB, cell dissociation buffer; CFU-Mix, CFU containing myeloid and erythroid elements; ECM, extracellular matrix; FN, fibronectin; G418r, G418-resistant; hADA, human adenosine deaminase; HM, hematopoietic microenvironment; IMDM, Iscove's modified Dulbecco's medium; LTC-IC, long-term culture-initiating cells; LTMC, long-term bone marrow cultures; mADA, murine ADA; PGK, phosphoglycerate kinase; P/S, penicillin/streptomycin; SCF, stem cell factor; VLA-4, very late antigen-4. tation (relative to the 5' long terminal repeat) via the herpes simplex thymidine kinase promoter. The ZipPGK-mADA (PGK-mADA) vector is identical to the ZipPGK-hADA vector except the human adenosine deaminase (hADA) cDNA has been replaced with the murine ADA (mADA) cDNA as previously reported ( 15 ) . In this vector, the mADA cDNA is expressed in the sense orientation relative to the 5' long terminal repeat via the human phosphoglycerate kinase (PGK) promoter. GP + EnvAm 12 (30) producer cells containing either retroviral plasmid (TKNEO or PGK-mADA) were cultured in Iscove's modified Dulbecco's medium (IMDM) (GIBCO BRL, Gaithersburg, MD) containing 10% FCS (Hyclone Laboratories, Logan, UT) and 100 U/ml penicillin (GIBCO BRL) and 100 ,gg/ml streptomycin (P/ S) (GIBCO BRL). Virus-containing supernatant was collected by adding 10 ml ofIMDM containing 20% FCS to confluent plates overnight.
Harvested medium was filtered through 0.45-,um filters (Gelman Sciences Inc., Ann Arbor, MI) and stored at -80°C until used.
Stromal cells. Human allogeneic bone marrow fibroblasts (BMF) were derived from healthy adult donors (see below) and grown in DME (GIBCO BRL) supplemented with 10% FCS and P/S. BMF were irradiated at confluence with 15 Gy (cesium-1 37 using a gamma cell 40, Nordion International Inc., Kanata, Ontario, Canada). NIH/3T3 fibroblasts were maintained in DME/10% calf serum supplemented with P/S. Preparation offibronectin fragments. Chymotryptic fragments of fibronectin ( Fig. 1 ) were prepared as previously described (Goltry, L. K., and V. P. Patel, manuscript submitted for publication). For use in the infection protocol, fibronectin fragments were immobilized on either 35-or 100-mm petri dishes (Falcon Labware, Lincoln Park, NJ) at a concentration of 75 pmol/cm2 as previously described (28 Clonogenic methylcellulose assays. Methylcellulose assays were performed as previously described (32) with minor modifications.
Briefly, 2-5 X I04 infected adult bone marrow cells were plated with 5 U/ml erythropoietin (Epo; Amgen Biologicals), 100 ng/ml rhSCF, 10 ng/ml rhIL-3 (Genzyme Corp., Cambridge, MA) in 1 ml of 2 
Results
Gene transfer efficiency into committed progenitor cells. Gene transfer efficiency was assayed after infection with two retroviral vectors differing significantly in recombinant virus titer. Transduction efficiency was compared by infecting bone marrow cells while plated on 30/35 FN-or BSA-coated dishes. Fig. 2 shows the results of eight independent experiments and demonstrates the percentage of G418-resistant (G418r) colonies after infection. Using the lower titer TKNEO vector (titer: 1 x I05 G418r CFUI/ml on NIH/ 3T3 cells), a higher percentage ofG418' colonies was noted on 30/35 FN from all types of (Fig. 1 ). Fig. 3 shows results on one representative experiment. Infection on BSA yielded 2.5±0.6% G418r BFU-E, 1.6±0.4% G418r CFU-GM, and 0.8+0.2% G418 r CFU-Mix. No increase in the proportion ofG4 1 8F colonies was noted on CBD, while slightly higher infection of BFU-E (6.6±0.7%) was seen on 42 FN (Fig. 3) (Fig. 4) Murine ADA (38, 40) .
It has become increasingly clear that integrin receptors not only act as specific sites for cellular adhesion but also are involved in the regulation of intracellular processes. In some instances adhesion via integrin receptors has been demonstrated to trigger signal transduction pathways (41, 42) . In this way, extracellular matrix molecules may regulate intracellular events. For example, the induction of immediate-early and early response genes has been described after cross-linking of integrin receptors in monocytes, fibroblasts, platelets, and carcinoma cells (43) (44) (45) . In some experiments, activation of the focal adhesion kinase, pp125FAK, via integrin/ligand interactions has been described (46) (47) (48) . The (52) (53) (54) .
While underlying biochemical and molecular mechanisms remain unclear at present, the data presented here offer an explanation for the observed positive effects ofstroma on retroviral infection. The data also may have direct implications for the design of gene therapy protocols. Infection on defined matrix molecules may be a safe and practical way to improve the efficiency of infection of hematopoietic cells via retroviral vec-tors without the need for cocultivation. Further refinement of this technology may also allow targeting ofspecific cell populations by using known differences in adhesive properties of different cells.
